Several biopharmaceuticals, especially DNA based vaccines having therapeutic potential to substitute available vaccines, are under developmental phase. However, these require scientific and regulatory validation with development of suitable guidelines on assessing their safety[@ref1][@ref2][@ref3]. In the recent past, many vaccines that were developed indigenously have become economically viable and have the potential for specified activity of improving the resistance titres against disease. Among the various vaccines required in India for various diseases, the one against the potentially fatal rabies is of major importance. Anti-rabies vaccines that were conventionally produced from neural tissues were implicated to be the cause for deaths of more than 40,000 animals per year[@ref4]. The sheep brain vaccine has been reported to be associated with autoimmune neuropathy[@ref4]. The cell culture anti-rabies vaccine recommended in post exposure cases is in use in developing countries for human and veterinary use[@ref5].

DNA rabies vaccine (DRV) developed for the first time in India in 1999 induced rabies virus neutralizing antibodies in mice and monkeys but conferred only suboptimal levels of protection in a murine rabies virus challenge model[@ref6][@ref7]. However, the DRV, in combination with a diluted preparation of inactivated rabies virus vaccine produced from Vero cells (Purified vero cell-derived rabies vaccine, PVRV) referred to hereinafter as combination rabies vaccine (CRV) was found to be more potent and resulted in rapid antibody formation[@ref8]. Before it can be approved for veterinary and human use, preclinical safety evaluation of CRV is mandatory. Our earlier studies in mice have proved the safety of DRV and CRV[@ref9]. Apart from regulatory requirements, the prediction potentials of pre-clinical toxicity data of rodents, non-rodents and both together in clinical situation were 43, 63 and 71 per cent, respectively[@ref10].

To date, there are no reports on safety evaluation of such a combination vaccine in non-human primates *viz*. monkey. The present study was, therefore, undertaken to evaluate the safety of DRV and CRV through a detailed pre-clinical toxicology profile including immunopathology, residual DNA and antinuclear antibodies assessment apart from other parameters in non-human primates.

Material & Methods {#sec1-1}
==================

The present investigation was carried out in National Institute of Nutrition (NIN), Hyderabad, India, on monkeys (*Macaca mulatta*) after obtaining the approvals from Institutional Animal Ethics Committee (IAEC-10-06-2000) and Institutional Bio-safety Committee (IBSC)/Review Committee on Genetic Manipulation (RCGM) (BT/BS/01/002/91-10).

***Test formulations***: The test formulation is formulated in Indian Immunologicals Limited, Hyderabad.

*DNA rabies vaccine (DRV)*: DNA rabies vaccine (DRV) comprising of a mammalian expression plasmid (100 μg) encoding rabies virus surface glycoprotein[@ref6][@ref7][@ref8] was prepared from *Escherichia coli* cells and purified as per WHO/US FDA guidelines[@ref11]. DRV was dissolved in saline and stored at -20° C.

*Combination rabies vaccine (CRV)*: 1X dose of CRV was prepared by combining 100 μg of DRV and 1.25 IU of human rabies vaccine (PVRV, Abhayrab). No adjuvants were present in DRV, PVRV and CRV.

*Test dose*: DRV in various dose levels of 100 (1X), 200 (2X) and 1000 (10X) μg or CRV dissolved in saline were prepared for administration in a constant volume (0.1 ml) to various groups of animals, by intramuscular route under various dosage schedules ([Table I](#T1){ref-type="table"}).
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Dosage schedule for DNA and combination rabies vaccine (DRV and CRV) in the study
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*Test species*: A total of 46 (24 M + 22 F) monkeys (*M. mulatta*), aged 2 yr, weighing 6-9 kg of either sex were obtained from National Centre for Laboratory Animal Sciences (NCLAS), NIN, Hyderabad, India, and were selected after careful initial screening for any external signs of disease or injuries. They were housed in individual cages in the conventional animal facilities of NCLAS, a registered facility with Committee for the Purpose of Control and Supervision of Experimentation on Animals (CPCSEA) (154/1999), Government of India. The environmental conditions were kept at 21±2°C, with 10-15 air changes per hour and relative humidity of 50-55 per cent with a 12 h light/dark cycle. Animals were kept undisturbed for 4 days and quarantined with regular health checks by a qualified veterinarian to record clinical signs, physical status and any abnormal behaviour changes. During the quarantine period, 40 (20 M+20 F) monkeys with no oral lesions or signs of injury or hair loss, were administered a single oral dose of thiobendazole (50 mg/kg body weight) through banana for the treatment of any undetected helminthic parasites. Faecal samples were tested and found negative for *Shigella* and *Salmonella*. The animals were also tested for tuberculosis by *(i)* laryngeal swab smear, stained and examined for acid fast bacilli (AFB) *(ii)* intradermal injection of 0.1 ml of mammalian tuberculin antigen (full potency 1500 IU/ml) at the supra-orbital region, and *(iii)* chest X-ray. None of the 3 test procedures showed any evidence of tuberculosis. Thirty eight monkeys (20M+18F) were used for the study. All the animals had free access to sterile formulated feed pellets and filtered, potable clean water. Food pellets were given twice daily along with peanuts, fresh vegetables and seasonal fruits.

*Test details*: Acute, sub-chronic and chronic tests along with assessing Tiers I, II and III immunotoxicity parameters *viz*. detection of residual DNA and antinuclear antibodies were done as per the mandatory requirements.

*Acute toxicity test*: A pre-study acute toxicity test was conducted by administration of single dose of DRV test formulation containing ten times the intended clinical dose (10X) in two female monkeys. The morbidity, mortality, abnormal behaviour and toxic reactions, if any, were observed for 14 days after the exposure.

*Sub-chronic toxicity test*: A total of 14 monkeys (8 M+6 F) were exposed to single injection of test compounds at various dose levels for a period of three consecutive days ([Table I](#T1){ref-type="table"}). All the monkeys were observed for pre-terminal morbidity and mortality, and examined clinically to record physical and neurological parameters. Body weights were recorded at least twice a week. In addition, clinical chemistry and haematological investigations were carried out in all animals at the start of experiment and on days 15 and 30. Six animals were randomly selected (one per group/dose) and euthanized on day 30, followed by gross necropsy and detailed histopathological examination of organs which included injection site, liver, spleen, lungs, heart, kidneys, uterus, ovaries/testis, brain, bone marrow, lymph nodes, *etc*.

*Chronic toxicity test*: A total of 24 monkeys (12 M+12 F) were equally divided into six groups by randomization. Each of these animals were exposed to test compounds as per intended clinical dosage schedule on days 0, 4, 7, 14 and 28. All the animals were observed for pre-terminal morbidity and mortality, examined clinically along with evaluation of clinical chemistry and haematological profile at various time points (days 0, 30, 60, 90 and 120). The gross necropsy as well as histopathological examination of organs, which included brain, heart, lungs, liver, spleen, kidneys, uterus, injection site, ovaries/testis and bone marrow was carried out on day 90 after last exposure in one male and one female animal belonging to each group/dose.

Study parameters {#sec2-1}
----------------

*Live phase*: The food and water intake was monitored qualitatively daily. Body weights were recorded at the time of conditioning period, pre- and post-exposure to the test compound, once weekly using electronic balance. The animals were examined every day for any behavioural abnormalities. The physiological activities and cage side observations were made every day. The resting and alertness activities were monitored in the animals exposed to test compounds and vehicle. The faecal output *viz*. amount, colour and consistency, and urine output were recorded daily.

*Physical examination*: Physical examination included observation of hair coat, lacrimation, salivation, respiration rate and character, eye prominence, eyelid closure, convulsions, tremors, *etc*. was carried out at least twice a week.

*Neurological examination*: The effect of test compound on neurological activity was evaluated by observing locomotor activity, abnormal gait, ataxic gait and head position.

*Clinical laboratory investigations*: Blood samples from femoral vein were drawn into vacutainer tubes (BD, USA) using disposable 21 gauge needle on days 0, 15, 30, 90 and 120 post-exposure. The urine samples were tested qualitatively for various parameters on days 30, 60 and 90 post-exposure.

The detailed clinical chemistry profile, which included plasma glucose, blood urea nitrogen (BUN), creatinine, total protein, albumin, total bilirubin, calcium, inorganic phosphorus, electrolytes (sodium, potassium and chloride), γ-glutamyl transpeptidase (GGT), aspartate amino transferase (AST), alanine amino transferase (ALT), alkaline phosphatase (ALP), was estimated using ACE^TM^ auto analyzer (Schiapparelli Biosystems, Wipro Biomed, USA). The quality control samples at two levels (levels 1 and 2) supplied by Wipro Biomed were used to establish the precision and accuracy of the analyses.

The haematology profile included total white blood cell (WBC) count, red blood cell (RBC) count, haemoglobin (Hb), haematocrit (HCT), mean corpuscular volume (MCV), mean corpuscular haemoglobin (MCH), mean corpuscular haemoglobin concentration (MCHC), platelet count, mean platelet volume (MPV) and differential leucocytes count. The parameters mentioned in [Table II](#T2){ref-type="table"} were analyzed on automated blood cell counter (Serono Baker System 9120 CP+, USA) in blood samples collected in EDTA K2 on days 15, 30, 90, 120 whereas the prothrombin time (PT) was estimated with Thromborel-S kit (Mfr. Dada Behring Inc., USA) with appropriate control. Differential counts were made on blood smears stained with Leishman\'s stain as per standard protocol. Erythrocyte sedimentation rate (ESR) was measured by Westergren method at end of 1 h[@ref12].
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Haematological profile - Sub-chronic toxicity test
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*Gross necropsy and histopathology*: Fifty per cent of the monkeys in sub-chronic (30 days) and thirty per cent of the chronic group (*i.e*. days 90 and 120) were fasted overnight (water allowed) and euthanised \[administering thiopentone sodium (100 mg/kg) preceded by intramuscular injection of Ketamine HCl (15 mg/kg)\] and subjected to gross necropsy. After opening the thoracic and abdominal cavities, an *in situ* examination of organs was done and any fluid presence was looked into. The individual organs were again examined for gross changes in morphology after removal *viz*. brain, spinal cord, sciatic nerve, thymus, aorta, heart, thyroid, trachea, lungs, liver, spleen, adrenals, kidneys, gastrointestinal tract, pancreas, individual sex organs, injection site at the hind limb thigh, lymph nodes and eyes.

All organs and tissue samples (brain, spinal cord, sciatic nerve, heart, lungs, liver, spleen, kidneys, gastrointestinal tract, pancreas, individual sex organs, thymus, thyroid, trachea, adrenals, aorta, injection site lymph nodes and eyes) were collected and preserved in 10 per cent buffered neutral formalin or Bouin\'s fluid. After a minimum of 24 h fixation, they were sampled, processed and paraffin blocks made to obtain 4 μm paraffin sections. These sections were stained with Hematoxylin and Eosin (HE) and were examined under a light microscope and all deviations from normal histology were recorded and compared with corresponding controls.

The bone marrow was removed from the upper end of femur, suspended in 3.8 per cent sodium citrate and smeared on to glass slides and stained with Leishman\'s stain as per standard procedures.

*Immunotoxicology/immunopathology*: Detailed immuno-pathology investigation followed Tiers I, II and III tests. In Tier I, histological evidence of any immune mediated hyperactivity or immune suppression was assessed in the form of reactive hyperplasia/hypoplasia or increase in organ weight. The injection site, spleen, thymus, mucosa associated lymphoid tissue, bone marrow and lymph nodes were studied.

Tier II parameters included anti--double stranded DNA antibodies (ds DNA-Ab) detected by purified antigen in serum samples of all monkeys (N=24) before exposure, and after 90^th^ and 120^th^ day of vaccine exposure. Similarly anti nuclear antibodies (ANA) were tested in the serum samples of the animals before and 120 days after exposure to the test formulation.

Tier III test included residual DNA assay in the tissue samples at the site of injection, liver, heart, brain, kidney and spleen. Genomic DNA was quantitated by measuring the absorbance at 260 nm and stored at -20° C to conduct PCR analysis with animal tissues from two animals (14 tissue samples) using primers specific for DNA rabies vaccine plasmid sequences: RGP1 (5' TTCCTCAGGCTCTCCTG 3') and RGP2 (5' TCACAGTCTGGTCTCACC 3') (Sigma Genosys, USA). These primers amplify a 1.68 kb fragment of the rabies glycoprotein cDNA from the DNA rabies vaccine plasmid using applied Biosystems Gene Amp PCR system 2400 Thermocycler, USA. PCR mix contained 1 mg of tissue DNA, 0.2 mM dNTPs, 1 mg of each primer, 10X Taq DNA polymerase buffer and 2.5 units of Taq DNA polymerase (Bangalore Genei, Bangalore). Amplification conditions were as follows: 94°C for 5 min (1 cycle), 94°C for 1 min, 58°C for 30 sec, 72°C for 1 min (35 cycles), 94°C for 5 min (1 cycle), 94°C for 1 min, 58°C for 30 sec, 72°C for 7 min (1 cycle). PCR products were analyzed on 1 per cent agarose gels and the DNA was visualized by ethidium bromide staining. A 1.68 kb band indicated specific amplification of the rabies glycoprotein gene. Samples were scored as positive, if a 1.68 kb band was present. To determine the sensitivity of the PCR assay, different amount of rabies DNA vaccine plasmid were amplified as per conditions described above.

*Anti-double stranded DNA antibodies (ds-DNA Ab)*: Serum samples stored at -70°C were used for analysis of anti-double stranded DNA antibodies. This test was carried out according to the manufactures instructions of the kits (Hycor biomedical Ltd., USA).

*Statistical analysis*: Individual group comparisons (Fisher\'s exact test, Chi square test), Ranked data (Mann-Whitney U test, Kruskal-Wallis one-way ANOVA, Spearman correlation coefficient), Paired comparison (Wilcoxon matched-pair signed rank test), Continuous data (Levene\'s/Bartlett test, one-way ANOVA, Dunnett\'s Post hoc test, Pearson\'s correlation coefficient), Paired comparison (Matched paired t test) were employed.

Results {#sec1-2}
=======

*Pre-testing*: The monkeys exposed to the single dose of 10X DRV showed no abnormal behaviour/toxic signs and lethality.

*Sub-chronic study*: The monkeys, investigated after administration of DRV and CRV at various dose levels did not show any significant changes in body weight gain or food intake. There were no significant abnormalities in physical, physiological or neurological activities.

The haematological ([Table II](#T2){ref-type="table"}) and biochemical parameters on days 15 and 30 post exposure to the test compounds were found to be within normal range. The organ weights were not significantly different from controls and there were no gross changes in all the vital organs collected on days 15 and 30 post exposure. On histopathology study of various organs, variations were observed in heart, lungs, liver, kidney, mucosa associated lymphoid tissue and lymph nodes ([Table III](#T3){ref-type="table"}) and seen in all groups including vehicle control.
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Histopathology observation - sub-chronic study
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Chronic study {#sec2-2}
-------------

*Physical and physiological*: The gain in body weight ([Table IV](#T4){ref-type="table"}) and food intake was found to be normal in all test groups and there were no significant differences on 120^th^ day post administration of test compound at the intended clinical dose. Similarly, behavioural, clinical, physical and physiological parameters were also normal during the course of study in all the groups.
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Body weights (kg) - Chronic study
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*Haematology/clinical chemistry/histopathology*: The haematological ([Table V](#T5){ref-type="table"}) and clinical chemistry (Tables [VI](#T6){ref-type="table"}, [VII](#T7){ref-type="table"}) parameters were found to be in normal range in all the blood samples collected during the sub-chronic and chronic studies performed. However, a few changes observed in some parameters did not appear to be related to the treatment since there were no dose related changes. There were no significant changes in organ weights and no gross morphological changes. Histopathological study of various organs showed changes in lungs, liver, kidney, testes, stomach and lymph nodes ([Table VIII](#T8){ref-type="table"}) and were seen across all groups including vehicle control.
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Hematology - Chronic toxicity test
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Clinical chemistry - Chronic study (renal function tests & electrolytes)
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Clinical chemistry - Chronic study (liver function tests/serum clinical parameters)
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Histopathology observations - Chronic study
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*Immunotoxicology*: There was no difference in the spleen weight of animals treated with the test compound. Histologically, there was mild hyperplasia in spleen, reactive hyperplasia/sinus histiocytosis in lymph nodes (lymphoid aggregates in stomach) and lymphoid hyperplasia in small and large intestine. There were no dose dependant changes, and the changes observed in various groups were not statistically significant.

The results of PCR analysis indicated that plasmid DNA was detectable at the site of injection (DRV 10X) in only one animal, while all other tissues of the same animal were negative. DNA could not be detected in animals of various other groups examined. PCR sensitivity was assessed using different amounts of rabies DNA vaccine as a template. The lowest amount used was 1 femtogram. The results showed the minimum detectable limit of 1 femtogram of plasmid DNA by PCR. Plasmid DNA was detected in the skeletal muscle of one animal only. The tissues of all other animals were negative for the presence of residual plasmid DNA.

A total of 24 samples, as baseline pre-exposure samples in chronic study, were tested for anti-ds DNA antibodies and anti nuclear antibodies (ANA) along with one known human positive sample and other standards and control received from manufacturer. The results indicated that the samples (pre-exposure) tested were all negative for anti-ds DNA antibodies and anti-nuclear-antibodies. A total of 38 samples (24 samples collected on day 90 and 14 samples collected on day 120, according to the experimental protocol) along with three known positive human samples, and other controls, positive, negative, standards (four) supplied by the manufacturer were tested for anti-ds DNA antibodies and ANA. The results indicated that all serum samples (post exposure 90 and 120 days) tested were negative for anti-ds DNA antibodies and anti-nuclear-antibodies. Therefore, No Observational Adverse Effects Level (NOAEL) of DRV is 1000 μg/dose (10 times of therapeutic dose) if administered on 0, 4, 7, 14, 28^th^ day.

Discussion {#sec1-3}
==========

An estimated 40,000 people die of rabies each year and a majority of them are from developing countries[@ref4]. Therefore, developing DNA rabies vaccine for pre- and post-exposure prophylaxis of rabies especially in country like ours is essential.

The existing vaccination for prevention of rabies is by cell cultured/human diploid vaccine. Currently, attempts are being made to develop low cost, and potent rabies vaccines. Based on scientific inputs, regulatory agencies throughout the globe are regularly updating the guidelines for safety evaluation of biopharmaceuticals, specially those developed by recombinant technology[@ref1]. In developing countries like India, many recombinant products (recombinant DNA proteins, modifiers, monoclonal antibodies, self-directed vaccines, *etc*.) are being developed, and the Department of Biotechnology (DBT) in coordination with Drug Controller General of India (DCGI) is updating the regulatory guidelines by following International recommendations[@ref13][@ref14][@ref15].

The FDA\'s initial approval of phase I clinical trails of prophylactic DNA vaccines relied on evidence that plasmids could be manufactured consistently, coupled with extensive pre-clinical safety data[@ref1]. Pre-clinical experiments have also demonstrated that extrapolating the data for clinical situation depends on species variation[@ref10]. The predictions are 43 per cent with rodents and 63 per cent with non-rodents[@ref10]. Therefore, the primary requirement in pre-clinical toxicology studies is the species and dose selection[@ref3]. Selection of the species varies with nature of the compound under test. Weissnger[@ref16] has mentioned that the safety evaluation of biological products which include biotech manufactured substances need relevant species having relative affinity, distribution of receptors for the intended clinical product with appropriate immunological response. Chapman *et al*[@ref17] have also reported that selecting a pharmacologically relevant animal species for testing the safety and toxicity of novel monoclonal antibody (mAb) therapies to support clinical testing can be challenging. Therefore, study data from multiple species become important as this will facilitate pharmacologists in preparing the suitable protocol for clinical trials and regulators to approve the same.

In view of this requirement for the safety evaluation in a non-rodent species, in the present investigation we selected Rhesus monkey (non-human primate) as non-rodent species for the safety evaluation of the DNA rabies vaccine. The efficacy of the vaccine has been confirmed earlier in the same species[@ref6]. Lodmell *et al*[@ref5] have reported excellent immune response in monkeys challenged with rabies confirming the sensitivity of the species and the potency of the vaccine developed by them. In this study, along with monitoring of various physical, physiological, neurological, haematological and biochemical parameters at various time points in sub-chronic and chronic studies, the detailed organ necropsy and histopathology analysis was also conducted in various tissues in minimum required number of animals.

Traditionally in pre-clinical toxicity studies, the concept of non observable adverse effect level (NOAEL) is considered as the highest experimental dose that fails to cause an adverse effect[@ref18]. A similar concept would be ideal for immunogenic products like DNA vaccines, where a dose that gives maximum immune stimulating response can be considered as effective and safe[@ref19]. In the current study, we evaluated the safety profile of all categories of products with special emphasis on cDRV (DNA+ cell culture), after administration of 10 times of therapeutic dose as it has been found to have maximum potential and can be promoted for clinical use. Our approach followed conventional toxicology procedures adopted for clinical use, as it did not indicate any adverse reaction, after administration of ten times of the intended therapeutic dose[@ref9][@ref20].

Since the product was a DNA based vaccine, it was important to monitor parameters such as immunogenicity/immunotoxicity potential of the test substance as per the International guidelines[@ref7][@ref8]. Pre-clinical safety testing of DNA vaccines involves not only selection of the appropriate species but also an assessment of the immunogenic potential of such preparations[@ref1]. In the current study, we evaluated immunotoxic effects based on Tier-I tests which include routine haematological, serological and gross necropsy/histopathological findings of major organs. In Tier-II tests, the total and differential blood cell counts, serum protein, albumin, organ weights, body weights were found to be normal in monkeys exposed to highest dose of different test compounds.

Warner and Haggerty[@ref21] have indicated the therapeutic utility and potential toxicity of various bio-pharmaceuticals with reference to interleukin-12 on single and repeat dose administration. They were of the opinion that repeat doses probably induce toxicity of multiple organs. We observed no histopathological changes in spleen, thymus, lymph nodes and bone marrow in animals exposed to ten times the therapeutic dose, suggesting the safety of the test material. In addition, there was no evidence of any exaggerated responses particularly in lymphoid tissues in the animals exposed to DRV or CRV at 10X dose even after 120 days post exposure. Tier-III investigations included monitoring of anti-dsDNA antibody assay (neutralizing antibodies) as well as anti-nuclear antibody (ANA) assay with a negative outcome. Absence of anti-dsDNA antibodies and anti-nuclear antibodies in the serum of animals on day 120^th^ after exposure to the intended clinical dose suggests that the vaccine is safe. The reports on pre-clinical studies with DNA plasmid vaccines in non human primates as well as early studies in humans did not detect increases in antinuclear or anti-DNA antibodies[@ref22].

Apart from the above, one of the major concerns of the plasmid DNA vaccines is the possibility of integration of plasmid into the host genome when administered by any route. The PCR analysis of rabies vaccine DNA in the present study has indicated the presence of residual DNA at the site of injection of one female monkey exposed to 10X DRV when administered intramuscularly. The sensitivity of the method is to determine the presence of residual plasmid DNA in femtograms and in one of the female monkeys it was present in traces (less than one femtogram). Therefore, the presence of residual DNA at this concentration is unlikely to integrate into the host genome.

These data add information to the existing data on evaluation of DNA products to be used as preventive/therapeutic agents in clinical conditions. Our earlier studies in rodents[@ref9] and current observation in non-human primates further confirm that sufficient pre-clinical data can pave way for clinical studies. In addition, the results of Lin *et al*[@ref23] also support that DNA vaccination can emerge as a promising form of therapeutic HPV vaccines due to their safety, stability and ability to induce antigen-specific immunity.

The regulatory guidelines for pre-clinical safety evaluation of DNA vaccines both at national and international levels are at a rudimentary stage. Therefore, the results of the present study will be useful to translate the procedures, study design, selection of biomarkers, *etc*. into guidelines, for testing DNA based products being developed in Indian laboratories.
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